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Major LGT Thermodynamics projects

BNL-Columbia-RIKEN and Bielefeld:

® p4-improved staggered fermions, p = 0 and g > 0, T, EoS, phase diagram,
N, =4and 6
QCDOC at BNL (partly funded through the LQCD project) and apeNEXT at Bielefeld

hotQCD: BNL-Columbia-RIKEN, MILC, LLNL, LANL:

® p4-improved and asqtad staggered fermions, 4 = 0 EoS and T, N = 8
BlueGene/L at Livermore

Budapest-Wuppertal:

® standard staggered fermions with stout smearing, EoS, T.; N = 4 — 10
PC-cluster ALICE, graphics cards

WHOT-QCD: Tokyo-Tsukuba-BNL.:

® Wilson fermions, p = 0 and p > 0, T, and phase diagram, [N, = 4 and 6
BlueGene/L at KEK

European twisted mass collaboration (DESY/Zeuthen, Berlin, Mlnster, Rome,..):

® twisted mass Wilson fermions, T, N, = 8?
apeNEXT at Zeuthen and Rome
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Thermodynamics projects
realized with LQCD project resources

» 2005-2006: T
QCD Thermodynamics with improved staggered fermions (BNL-Columbia-RIKEN)

® M. Cheng, N. H. Christ, S. Datta, J. van der Heide, C. Jung, F. Karsch,
O. Kaczmarek, E. Laermann, R. D. Mawhinney, C. Miao, P. Petreczky, K. Petrov,
C. Schmidt, T. Umeda, Phys.Rev. D74 (2006) 054507

» 2006-2007: EoS, spatial screening lengths
QCD Thermodynamics with improved staggered fermions (continuation)
(BNL-Columbia-RIKEN)

® M. Cheng et al, Phys. Rev. D75 (2007) 034506
® M. Cheng et al, hep-1at/0612030, to be published in Eur. Phys. J. C

» 2007-2008: Non-zero u, phase diagram
3-flavor QCD thermodynamics with improved staggered fermions
(BNL-Columbia-RIKEN)
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QCD Thermodynamics 2005-2009:
What do we want to know?

.T., €., FoS:

® basic input to hydrodynamic modeling of heavy ion collisions;
confront models with lattice calculations (resonance gas, quasi-particle gas,
high-T pert. theory, HTL-resummation, AdS/CFT ...)
test universal aspects of deconfinement and chiral symmetry restoration

in2, (2+ 1), 3-flavor QCD

. search for the critical pointat & > O :

® chiral critical point: does it exist?; location of the chiral critical point;
direct evidence for 15t order regime;
location of the transition line for g > 0; density fluctuations; Te (1) = Ttreeze ?

lll. In-medium properties of hadrons
» quarkonium spectroscopy and heavy quark diffusion

®» light quark bound states and thermal dilepton/photon rates
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Transition temperature

RBC-Bielefeld, Phys. Rev. D74, 054507 (2006)
Phys. Rev. D75, 034506 (2007)

extrapolation to chiral and continuum limit

(roTe) N, = (roTe)cont. + b(mpsro)® + ¢/N?

RBC-Bielefeld
0.54 .
TC ro nf:2+1
0.52 r i
_—
0.50 r
0.48
0.46 /
0.44 r N;=4 (squares, triangles)
042 | 6 (circles)
M. I
ps '0
0.40 1 1 1 1 1 1 1
0.00 0.20 040 060 080 1.00 1.20 1.40

T=0 scale from potential

V(r)/ot?

ro

1/2

et
y
e
O g1
w N} ww:
vCoou~Nro s R~
&NwamdeHmmb@%f
P
} ]{ o

ot
L].
WWWPWWWWWPwww®P

gaao b
~NoOow

0 0.5

1

15

= 7oT. = 0.456(7)F3 at physical (m., 4, ms) point

— T, = 192(7)(4) MeV

w F

2.5 3.5

E Karsch. LOCD review 2007 — p. 7/22



Chiral and L susceptibility, NV, = 4
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Chiral and L susceptibility, NV, = 4

2.5% error band & 5 MeV
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3.3200 | 39050 200,000/10 trajectories enter Ferrenberg-Swendsen sample
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Chiral and L susceptibility, NV, = 4

data sample for
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Transition temperature

RBC-Bielefeld, Phys. Rev. D74, 054507 (2006)
Phys. Rev. D75, 034506 (2007)

extrapolation to chiral and continuum limit

(roTe) N, = (roTe)cont. + b(mpsro)® + ¢/N?

RBC-Bielefeld 0.60 RBCBI vs. others
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extrapolations to physical point

L I B

RBC-Bielefeld (p4fat3 (p4)) vs. Wuppertal (stout (stand. staggered))
results for N = 4, 6 differ by 15% but show similar cut-off dependence

stout results for different observables no longer consistent with each other
for N = 8, 10
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extrapolations to physical point

L I B

RBC-Bielefeld (p4fat3 (p4)) vs. Wuppertal (stout (stand. staggered))

results for N = 4, 6 differ by 15% but show similar cut-off dependence

stout results for different observables no longer consistent with each other
for N = 8,10

Drastic changes closer to the continuum limit?
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- widely different crossover temperatures
should also be reflected in the EoS

- currentEoS at T' ~ 150 MeV:
e ~ 65 MeV/fm3 ~ ¢g
(eo = e in uncompressed nuclear
matter)

= need to confirm results on EoS

closer to the continuum limit

overall scale set with
ro = 0.469 fm
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extrapolations to physical point

L I B

for N = 8, 10

N, = 8: hotQCD collaboration (ongoing)

RBC-Bielefeld (p4fat3 (p4)) vs. Wuppertal (stout (stand. staggered))
results for N = 4, 6 differ by 15% but show similar cut-off dependence

stout results for different observables no longer consistent with each other

Drastic changes closer to the continuum limit?
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- currentEoS at T' ~ 150 MeV:
e ~ 65 MeV/fm3 ~ ¢g
(eo = e in uncompressed nuclear
matter)

= need to confirm results on EoS

closer to the continuum limit

overall scale set with
ro = 0.469 fm
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(e — 3p)/T* on LCP

® requires good control over T' > 0 observables (action differences,
chiral condensates) as well as an

® accurate determination of T' = 0 scales AND 3-functions

LCP: mr ~ 210 MeV, mzs >~ 665 MeV p4 vs. asqtad: overall good agreement
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10 ¢ Tr
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P o
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L |

° b r Note:
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_ o asqtad data:
RBC-Bielefeld (preliminary) C. Bernard et al., hep-lat/0611031
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® requires good control over T' > 0 observables (action differences,
chiral condensates) as well as an

® accurate determination of T' = 0 scales AND 3-functions

LCP: mr ~ 210 MeV, mzs >~ 665 MeV p4 vs. asqtad: overall good agreement

04 06 08 10 12 14 16 18 20 However: We need to...

|
10 Tr _
= (e-3p)/T 0 T < T. make contact to hadron gas
8 | phenomenology
5%; P4 N=4 = T < 2T, analyze large deviation from
6 L 6 —@— a . . —
§ asqtad: Ny=4 conformal limit (e = 3p)
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o perturbation theory
s |
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EoS: low and high T regime

08 10 12 14 16 18 20

6.0

T
a0l (e3p)T* 0
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LGT vs resonance gas LGT vs. pert. theory

® control over low T—-regime influence ~ # non-perturbative corrections; resum-
approach to ideal gas limit at hight T'. mation approach to perturbative limit

#® improved staggered fermions but still on rather coarse lattices:
= need N, = 8 (hotQCD collaboration, ongoing) and 10...
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1 = 0: QCD Equation of State

16.0 | £cp/Td o

strong deviations from € = 3p 15%
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L, ——— :
12.0 s/T4§
100 | 3piT*
8.0
6.0
3 flavor, N.=4, p4 staggered
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QCD Eo0S: 2001

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

® strong deviations from ideal gas be-
havior (e = 3p) for T, < T ~ 3T, and

even at high T

4.0

4
16
sl
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QCD EoS: 2007

MILC Collaboration, hep-lat/0611031;
RBC-Bielefeld, in preparation

smaller lattice cut-off; almost
physical light and strange quark
masses:

confirms weak quark mass depen-
dence of EoS; closer to SB limit at
high-T

#® improved staggered fermions but still on rather coarse lattices:
= need N, = 8, (hotQCD collaboration, ongoing) and 10..
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The spatial string tension
Does dimensional reduction work with light quarks?

® Non-perturbative, vanishes in high-T perturbation theory:

W(R:, R
VO = — lim In (Ray By )
Ry ,Ry—00 RwRy
N car: 3-d SU3), LGT
gz(T) — CMfM(Q(T)) » CM = O°553(1)gM = g2 fns: dim. red. pert. th.
12 T T v
] 6*(T) ~2 & o(T) ~0.16
oK
11 f/;d SU(3) and QCD et | dimensional reduction works for T>> 2T
T/
g aex - eps (almost) flavor independent
X i - g%(T) shows 2-loop running
0.8 | ]
L é.}* ¢ = 0.566(13) [SU(3)]
% o c = 0.587(41) [QCD]
0.6 | e ]
e / N0 —— | G. Boyd etal. NP B469 (1996) 419
0.4 n T e ' RBC-Bielefeld, preliminary
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New projects on BlueGene/L
— 360TFLops at LLNL; 100TFlops at BNL —

Modeling the QCD equation of state closer to the continuum limit
joint project: BNL-RIKEN-Columbia, LANL, LLNL and MILC
collaboration on the Livermore BlueGene/L

® T, EoSon N, = 8 lattices with light dynamical quarks:
(2+1)-flavor QCD, close to physical m. /m ratio;
exploring the continuum limit: N, = 4, 6, 8
analyzing the thermodynamic limit; V' ~ 500 fm?®

EoS on 322 x 8 lattices; CPU-time: ~ (20-40) TFlops-years

® FUTURE: test universal properties, details of x-symmetry restoration
= bulk thermodynamics with chiral fermions
requires O (50) more computing resources
= PETAFLOPS computing
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QCD Thermodynamics 2005-2009:
What do we want to know?

. search for the critical pointat & > O :

® chiral critical point: does it exist?; location of the chiral critical point;
direct evidence for 15t order regime;
location of the transition line for g > 0; density fluctuations; Te (@) = Ttreeze ?
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: p > 0

Z(V,T,u) = / DADYDp e F=(V-Tr)

— / DAD det M (p) e 52(V>T)
ﬂcomplex fermion determinant;

long standing problem

three (partial) solutions for large I, small (4

o |

exact evaluation of det M. works well on small lattices; requires reweighting
Z. Fodor, S.D. Katz, JHEP 0203 (2002) 014

® Taylor expansion around g = 0: works well for small w; requires reweighting
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507

® imaginary chemical potential: works well for small w; requires analytic continuation
Ph. deForcrand, O. Philipsen, Nucl. Phys. B642 (2002) 290
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: p > 0

Z(V,T,u) = / DADYDp e F=(V-Tr)

— / DAD det M (p) e 52(V>T)

TIT,

RHIC, LHC

0.4

F,K 2004

02 T., Forcrand, Philipsen (N=2)

T,, Forcrand, Philipsen (N=3)
T, Fodor, Katz (N=2+1)
T;, J.Cleymans et. al.

0

T., Bielefeld-Swansea (N=2)

F,K 2002

0 1 2 3 4

5

6

Te(p) | _ 2
T.(0) ° 1 — 0.0056(4)(up/T)

deForcrand, Philipsen (imag. p)
1 — 0.0078(38)(up/T)?
Bielefeld-Swansea

(O(u?) reweighting)

search for critical point
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The critical surface:

Does it bend in the 'wrong’ direction?

Real world —— Real world ——

QCD critical point DISAPPEARED

crossover

Ph. de Forcrand and O. Philipsen, JHEP 01 (2007) 077
Need to understand the QCD phase diagram in the m,, q4-ms-pq, Space

® determine phase boundary in the m,, 4-ms plane
® determine curvature of the boundary line at pg, ~ 0; Taylor expansion

® study fluctuations and correlations of e.g. baryon number, charge, strangeness
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Fluctuations of the baryon, charge
and strangeness number density (; > 0)

baryon number density fluctuations:

Xe _ (4 p
(Bielefeld-Swansea, PRD68 (2003) 014507) T2 ~ \ d(u/T)2 T% ) 1 pireq
M 2 0, ny = 2

97T
mx ~ 770 MeV = — ((N]23> — (NB>2>
drm— — T T T T T T v
X/ o—eo H/T=10 | —
a u/T=05 susceptibilities
al v—v H/T=00

to be studied in event-by-event fluctuations

Taylor exp. in pq, ps:
xq/T2 = 2c20 + 12c410(uq/T)2
Xs/T? = 2co2 + 2c22(pq/T)?

| recent papers:

V. Koch, E.M. Majumder, J. Randrup, nucl-th/0505052
| S. Ejiri, FK, K. Redlich, hep-ph/05090521
5 R.V. Gavai, S. Gupta, hep-lat/0510044
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Fluctuations of the baryon, charge
and strangeness number density (; > 0)

baryon number density fluctuations:

d2
Xa _ L
(Bielefeld-Swansea, PRD68 (2003) 014507) T2 ~ \d(u/T)2 T4 ) 7 xed

w > 0, nyg = 2 9T

o—o I,Iq/T:].O i L
u /=05 susceptibilities

—v uq/T=0.0

to be studied in event-by-event fluctuations

Taylor exp. in pq, ps:

. o o ™ _’m2| — 220 + 12ca0(pq /T)?

seeing "true” singular behaviour requires large o
2c T

volumes, small quark masses and/or 2 + 2¢22(pq/T)

high order Taylor expansions = RBC-BI

TIT, | S. Ejiri, FK, K. Redlich, hep-ph/05090521

' S Y S E— R.V. Gavai, S. Gupta, hep-lat/0510044
0.8 1 1.2 1.4 1.6 1.8 2

V. Koch, E.M. Majumder, J. Randrup, nucl-th/0505052
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Fluctuations of baryon number
and strangeness in (2+1)-flavor QCD

RBC-Bielefeld, in preparation
Xq/T? = 2c20 + 12¢40(pq/T)? Xs/T? = 2co2 + 2¢22(1q/T)°

quark number fluctuation

strangeness fluctuation

7 : 1.1
Xq/T2 WT=0.0 —a— 1}y /72
6 ! /T=0.5 —&—
\ K 0.9 WT=0.0 —&— -
WT=1.0 —8—
5 0.8 WwT=0.5 —8— |
0.7 WT=1.0 —8— |
L i
4 06 |
3| 0.5 |
—3 0.4 |
| Q/fk E - |
0.2 |
l -
E/f]j// T MeV] 0.1 | T [MeV]
O 1 1 1 1 1 0 1 1 1 1 1
150 200 250 300 350 400 450 150 200 250 300 350 400 450

= large quark number fluctuations

= enhance strangeness fluctuations (factor ~ 2)
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The transition line at u, = 0

. Spap) RBC-Bielefeld, 2007/08
Binder cumulants: By = { ¢1_b)2 >2
((699)2)
standard staggered: 3-flavor QCD p4: (2+1)-flavor QCD
22 —m——————1 77— 3 T T T T
B : ———
25 | f BA(py) —=— -
BA(wy)
B4(Sg) +—a—
2 B4(L) —%—
Z(2)
15+
02
- O4) m|/T
! 0 0.005 0.01 0.015 0.02 0.025 0.03

= improved actions lead to smaller
critical mass

0.025 0.03 0.035 0.04 0.045
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The transition line at u, = 0
and Its extension to p; > 0

Binder cumulants: ((830nb)4)

4 =
<§5W)2>2
standard staggered: 3-flavor QCD

2.2 L L R R I L
| By 83x4 ——i
12%x4 +—eo—
20 | 163)(4 —— 7]
1.8 .
1.6 ke e
1.4 .
1.2 .
0.025 0.03 0.035 0.04

RBC-Bielefeld, 2007/08

Hq 2
= By o+ B (—)
T
p4: (2+1)-flavor QCD
3 I I I &
By
25 BA(thy) —e—
BAY) o
B4(SG) —A—
2L B4(L) —=—
2(22
15 F
02
j‘.‘L m I T
1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

= improved actions lead to smaller
critical mass
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Outlook: projects on future machines...

...towards thermodynamics on Petaflops computers
(extension of (exploratory) studies on current Teraflops computers)

® Thermodynamics closer to the continuum limit
®» Thermodynamics of QCD with chiral fermion formulations

® finite density QCD:
aim at definite answer on the existence and location of a critical point;
try to reach lower temperatures around T' ~ 0.5 T,

® In-medium properties of light quark bound states:
QCD with light, dynamical quarks on fine lattices become possible;
mass shifts and modification of widths below T

® transport properties:
calculation of "gluonic correlator” (energy momentum tensor) should become
possible; spectral functions in the w — 0 limit may become accessible
(dilepton rates; heavy quark diffusion coefficient,..)
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